Abstract-With the recent introduction of multielectrode acquisition systems and two-and three-dimensional imaging software, there has been a marked increase in the use of direct-current (dc) resistivity techniques for addressing a wide variety of environmental, hydrogeological, and engineering issues. To determine the location and physical characteristics of relatively small targets distributed over wide areas, deployments of laterally extensive arrays of densely spaced electrodes for long recording periods may be required. For many academic and commercial projects, such large expenditures of effort are not plausible. We introduce the concept of real-time experimental design, in which relatively limited datasets that contain the most important subsurface information are recorded in a cost-optimized sense. Real-time experimental design, which involves a number of "data acquisition-data analysis-update survey design" cycles, requires highly flexible recording equipment. To meet this need, we have developed a distributed data acquisition system in which waveforms are digitized and partially processed at each electrode before being rapidly transmitted to a central computer for storage, further processing, display, and preliminary interpretation. The individual data acquisition unit at each electrode has a high input impedance and a large dynamic range that ensures the recording of high-quality digital data. Versatile software controls the functions of all electrodes (e.g., whether they operate as current or potential electrodes) and the waveform of the transmitted current.
I. INTRODUCTION

D
IRECT-CURRENT (dc) resistivity methods are extensively used for investigating the shallow subsurface. They are particularly appropriate for resolving diverse environmental, hydrogeological, and civil engineering problems. Resistivity contrasts between subsurface targets and their host sediments or rocks can be large. Compared to other physical properties such as seismic velocities, densities, and relative permittivities, which may vary from a few percent to a factor of ten, electrical resistivities of earth materials may extend over several decades [1] . Although this characteristic makes electrical prospecting a powerful investigative technique, the resultant high degree of nonlinearity between the subsurface resistivities and observed data needs to be accounted for in modeling and inversion algorithms. The most important component of nonlinearity in dc resistivity investigations is due to the interdependence of current flow paths and the distribution of resistivities. This results in data analysis problems and complications in survey design. For example, an electrode layout suitable for delineating subhorizontal boundaries may be inadequate for resolving steeply dipping features [2] . One solution would be to deploy a very large number of closely spaced electrodes and to record data for all possible combinations of voltage and current electrodes. Since there exist a very large number of combinations for even a limited number of electrodes (e.g., for only 30 electrodes there exist 657 720 possible voltage-current electrode configurations), such an approach for many situations may not be commercially practical.
Most dc resistivity studies published in the geophysical literature are based on standard electrode patterns, such as the Wenner, Schlumberger, dipole-dipole, or pole-pole configurations [3] . The ongoing popularity of these configurations suggests that they are reasonably good choices. Nevertheless, it is well known that standard electrode configurations have limitations in terms of model resolution [4] , [5] . To complement the information content of standard dc resistivity datasets in a cost-optimized sense, we introduce in the first part of the paper a novel adaptive data acquisition method: real-time experimental design. Implementation of this new acquisition strategy requires a recording system that has a high degree of flexibility not provided by commercially available systems. This motivated us to develop a new multielectrode system. As described in the second part of the paper, the new system not only offers the versatility necessary for real-time experimental design, but it also includes a number of other appealing features, such as parallel data scans and arbitrary waveforms of the transmitted currents. We describe technical aspects of the new system and provide key information on its performance.
II. ADAPTIVE DATA ACQUISITION-REAL-TIME EXPERIMENTAL DESIGN
With the introduction of multielectrode systems, the acquisition speed of dc resistivity surveys has increased markedly [5] - [8] . These systems offer efficient means to acquire data in arbitrary four-point configurations. Commonly used configurations, such as Wenner, Schlumberger, or dipole-dipole, are known to be incomplete in the sense of Xu and Noel [9] , who define a complete dataset as a suite of noise-free observations 0196-2892/02$17.00 © 2002 IEEE from which any four-point-configuration dataset can be reconstructed via superposition. Pole-pole data, for example, represent a complete dataset. However, Xu and Noel's [9] data completeness does not necessarily guarantee that maximum subsurface information can be extracted from the data. This may be due to the presence of ambient noise and/or the limited quality of recording instruments, either of which could preclude the reliable measurement of small voltages. In particular, pole-pole measurements are known to be susceptible to ambient noise [10] . Instead of considering complete datasets, we introduce the concept of optimized datasets, which provide maximum subsurface information for minimum acquisition costs. The amount of subsurface information is constrained by 1) the number of available electrodes, 2) the ambient noise level in the investigation area, and 3) the fidelity of the recording system. Acquisition costs are primarily controlled by the number of measurements to be made.
During the past decade, several suggestions have been made to improve the information content of dc resistivity data. Based on methods developed for biomedical imaging [11] , Cherkaeva and Tripp [12] propose maximizing the electrical response due to a perturbing geological body by finding the optimum intensity distribution of the injecting current. This problem, which is solved by a singular value decomposition of the impedance matrix, results in a pattern of current injection points with varying intensity. A more generally applicable concept for optimizing data acquisition is statistical experimental design, a relatively new method described in [13] . In this approach, optimum survey layouts can be determined by using global optimization techniques. An application of statistical experimental design to dc resistivity surveys is provided in [14] .
A major shortcoming of these two approaches is the underlying assumption that sufficient a priori information about the earth exists before a survey is conducted. If there is considerable uncertainty about subsurface structures and nonlinearity is severe, both methods may fail. Moreover, several authors [5] , [10] have shown that noise needs to be considered in any practical optimization scheme. Finally, because many investigations are concerned with delineating isolated structures (e.g., cavities, ore bodies, or fracture zones), only parts of an investigation area may need to be resolved accurately, but the locations of the critical parts may be imperfectly known or completely unknown.
A possible solution that accounts for these problems involves integrating data acquisition, analysis, and interpretation into a real-time iterative process (Fig. 1) . The maximum area planned for surveying and the number of available electrodes are the only input parameters required to start this process. Initially, the investigation area would be crossed by a restricted number of profiles or covered with a sparse regular grid of electrodes, and a limited number of measurements would be made. Pole-pole recording would be the obvious choice for the first measurements, because this type of data provides good subsurface coverage in low-noise environments [15] .
A fast approximate inversion algorithm, such as the quasiNewton method in [16] or the multichannel deconvolution approach in [17] , operating on a fast field computer would provide an initial estimate of the resistivity distribution at the survey site. At this stage, the field geophysicist would identify areas characterized by unusually high-noise conditions and regions with interesting anomalies. To enhance information in the poorly resolved areas and to characterize better important anomalies, additional data would be acquired using various four-point configurations. In many regions, it may be sufficient to record denser datasets using one of the standard configurations, whereas in others it may be necessary to design a suite of recording arrays that address certain key issues (e.g., improved spatial resolution or greater depth penetration at specified locations). Maurer et al. [14] describe approaches for determining optimized add-on datasets. The fast approximate inversion algorithm would provide an updated resistivity distribution model based on the combined data.
Indeed, a series of "data acquisition-data analysis-update survey design" cycles may be required to reach optimized solutions. Root-mean-square (rms) differences between the current and the updated model could be used as a basis for deciding if more data should be recorded. If the rms differences exceed a predetermined threshold, acquisition of additional data may be necessary to constrain the model further. Besides model rms differences, it is equally important to analyze measures of the model goodness, e.g., the model resolution matrix or the model covariance matrix (see [18] ). If these quantities do not differ significantly for consecutive models, further data may not provide additional subsurface information. Once convergence to an acceptable preliminary model is achieved, the end stage, which could be accomplished in the laboratory, would involve a more sophisticated full two-(2-D) or three-dimensional (3-D) inversion of the final dataset.
The above-described scenarios are based on the assumption that significant intervention from the field geophysicist is required. We are presently in the process of developing approaches that minimize such intervention by taking advantage of the results of previous surveys.
Our final combined dataset would be optimized in the sense that its information content is limited only by the physics of the dc resistivity method and the total number of electrodes employed. Furthermore, the data acquisition process would be cost-optimized, since the iterative cycle shown in Fig. 1 should avoid unnecessary measurements.
Of course, this new approach does not address the wellknown problem of equivalence (ambiguity) in interpretations of dc resistivity data. We emphasize that wherever a priori information is available, it should be used to constrain the inversion process. In particular, well-log data may be used to establish geological boundaries or electrical properties at a limited number of locations in the model space.
III. MULTIELECTRODE RECORDING SYSTEMS
Implementation of the real-time experimental design concept requires a highly flexible multielectrode data acquisition system that includes 1) extendable bank of electrodes; 2) simultaneous fast scans of many different electrode configurations; 3) software-controlled selection of electrode configurations; 4) sufficient computing power to perform rudimentary data processing, data interpretation, and statistical experimental design. Besides the specific requirements of the real-time experimental design scheme, a modern dc resistivity recording system should provide high acquisition speed, high overall accuracy, a programmable transmitter waveform, data acquisition unit(s) with large dynamic range, and high input impedance (to minimize interference of the measuring circuit with the earth).
Conceptually, there exist two end-member design philosophies for such a multielectrode system: centralized and distributed systems (Figs. 2 and 3) .
A. Centralized Systems
The simplest centralized multielectrode systems are realized by adding arrays of electrodes with addressable switches to existing standard single-channel resistivity instruments and making conventional four-point measurements in a serial fashion [8] . This option is not efficient for extensive 2-D or 3-D surveys that require thousands of measurements.
A more sophisticated centralized multielectrode system is shown in Fig. 2 . A single casing encloses most or all of the system electronics, which may be controlled by an external computer. Analog signals from groups of electrodes are transmitted through multicore cables to the central unit. A built-in switch matrix allows arbitrary pairs of electrodes to inject currents into the ground and arbitrary potential electrode configurations. To provide parallel measurement capabilities, the potential signals are passed through an analog multiplexer (MUX) before being fed into a single analog-to-digital converter (ADC). Finally, the signals are processed and displayed on a built-in screen or on the optional external computer (Fig. 2) . As an alternative to an analog multiplexer, a number of parallel ADCs could be used to increase acquisition speed.
In general, simultaneous measurements can be made in two different modes: 1) one of the potential electrodes is selected as a reference, and the remaining electrodes (except for the injecting electrodes) are used to determine the potential differences with respect to it; 2) a number of preselected electrode pairs are used to determine voltage signals. Advantages of the centralized system shown in Fig. 2 are as follows.
• A single box includes most or all of the necessary electronics.
• Only a single instrument has to be handled and operated in the field.
• Purchase costs for an entire system are, in most cases, lower than for distributed systems.
• By having relatively few electrical connections between system components, the possibility of leaking currents is reduced, and overall reliability is increased. Disadvantages of such a system are as follows.
• Source signals and measured voltages are usually transferred via heavy multicore cables. The long lengths of some cables make the system susceptible to ambient electromagnetic noise and crosstalk.
• For a large number of electrodes, the switch matrix is a relatively bulky unit that may introduce crosstalk between the injected and measured signals (due to their proximity to each other).
• With presently affordable ADC technology, it is possible to multiplex only a few tens of channels with the required sample rate and resolution, thus limiting the flexibility of the system when many electrodes are required. • Time skews introduced by the MUX switching between channels preclude the determination of spectral-induced polarization parameters, such as phase shifts between the current and potential signals.
• The dependability of the system depends on the reliability of the central unit components. If one of the critical components fails, the survey has to stop.
B. Distributed Systems
For distributed systems, each electrode is equipped with a data acquisition unit (DAU) (Fig. 3) . The DAUs enable data to be digitized directly at the individual electrodes. Data transfer from the daisy-chained DAUs are routed via a bidirectional data bus (e.g., RS-485) or local area network (e.g., TCP/IP) and an interface board to a controlling field computer. By employing a central source-signal generator, the DAUs can be made compact and lightweight. Positive aspects of this design are as follows.
• Parallel scan capabilities provide high acquisition speeds.
• Digital data transfer minimizes noise pickup on long cables.
• The DAU concept introduces redundancy, such that if one DAU fails, the data from only a single electrode are missing.
• The flexibility is high in terms of possible array configurations.
• The electrode array can be arbitrarily expanded. Separate data acquisition systems also have disadvantages, such as the following.
• The distance between electrodes is limited by the maximum length of the digital data bus or local area network. • Acquisition performance is restricted by the data transfer rate between the DAUs and the field computer.
• For the same number of electrodes, the purchase cost of the distributed system of Fig. 3 is higher than for most commercial centralized systems.
• Operational control of a distributed system requires greater programming effort than a centralized one.
• To avoid leakage of currents, multipole connectors at each DAU have to be of high quality.
C. Generation of the Source Currents
Most commercially available systems include current sources for which predefined waveforms (square or low-frequency sine waves) can be generated. Theoretically, other waveforms could also be employed for dc resistivity measurements. Choice of the most appropriate waveform depends on the electrical subsurface properties and the characteristics of the ambient electromagnetic noise. Earth materials characterized by low chargeabilities may be investigated using sinusoidal source signals, because the asymptotically stable value of the response is reached within a very short time. In contrast, if induced-polarization (IP) effects are to be expected, a low-frequency square wave would better account for the decay of voltage accumulation. Injection of a swept signal could account for IP effects as well as providing additional information on the phase relationships between current and measured voltage responses. It is, therefore, desirable to be able to generate waveforms to meet specific needs. This can be achieved by digital-to-analog conversion and appropriate amplification of waveforms designed and generated on the field computer. Table I provides an overview of the principal technical features of commercial multielectrode systems as of January 2002. We distinguish between several types of centralized systems: those comprising only a single-channel (C), multichannel units realized with either a MUX or several ADCs (CM), those with passive switches at the electrodes (CS), and multichannel instruments with switches at the electrodes (CSM). Distributed systems are marked with D in Table I .
D. Commercially Available Systems
In principle, real-time experimental design can be implemented with any of the commercial multichannel systems. Because of potential crosstalk problems with the multicore cables of the C and CM systems and the limited choice of electrode configurations of the CS and CSM systems, we judge the type D systems to be most appropriate. Only one commercial type D system is listed in Table I . This is the SIP-256 system from the "Deutsche Arbeitsgemeinschaft für SIP-Anwendungen." Unfortunately, it is not possible to select separately the operational mode of individual electrodes; only a choice from a set of predefined arrays (e.g., Wenner, dipoledipole, pole-dipole) can be made, such that general layouts cannot be defined. Consequently, we decided to design and build a new acquisition system that satisfies our scientific and technical requirements.
IV. NOVEL DIGITAL MULTIELECTRODE RECORDING SYSTEM
We have adopted the concept of a distributed system (Fig. 3 ). An internal switching matrix allows each DAU (Fig. 4) to be configured either as a current source, current sink, voltage reference, or measuring device (Fig. 5) . Signals from the electrodes are fed into 24-bit ADCs that have very high input impedances ( 1 G ). A microcomputer controls data flow from and to the DAU's internal random access memory, while an RS-485 controller enables communication with the personal computer. The serial RS-485 data bus is well established in industrial applications due to its robustness, its low implementation costs, and the fact that only two lightweight wires are needed for data transfer.
The maximum number of DAUs is only limited by the number of RS-485 channels. Each channel can handle 31 DAUs, and our current field computer can accommodate up to five fourchannel RS-485 interface cards. With such a setup, it is possible to handle 620 electrodes (Table I ). The number of channels and electrodes can be increased significantly beyond this limit by employing modern universal serial bus technology.
A drawback of all digital data buses is their limited overall length, which is required to maintain the voltage drops within predefined limits (e.g., for the RS-485, the maximum recommended length is 1200 m). Even with this restriction, our current system, which is designed primarily for shallow environmental, hydrogeological, and civil engineering applications, is capable of simulating a wide variety of electrode configurations. Profile lengths can be up to 2400 m (1200 m on either side of the control unit), and areal arrays can be up to 800 800 . The maximum depths of investigation will depend on the employed electrode configuration (e.g., [19] - [21] ), the maximum distances between electrodes, and the subsurface resistivities (e.g., [22] ).
As for most modern multielectrode dc resistivity systems, polarization in the ground around the injecting electrodes can significantly distort nearby voltage measurements. This charge-up effect can be orders-of-magnitude larger than variations in signal due to resistivity contrasts [23] , perhaps even resulting in saturation of the ADC. Problems due to induced polarization can be avoided by carefully designing and implementing appropriate measurement sequences, such that electrodes very close to and including the current electrodes are not used for voltage measurements within a certain time after current injection. The recovery time can vary from a few milliseconds for highly resistive ground to several minutes for conductive clayey soils.
A unique feature of the DAU design is the internal rechargeable battery, which is connected to an automatic charging circuit. After the controlling personal computer has initiated a measurement, all DAUs disconnect from the digital data bus and operate independently until the requested amount of data has been acquired. No data transfer takes place during a measuring sequence, so that crosstalk between wires carrying the source signal and the data bus is avoided.
Together, the data and source-signal buses (Fig. 4 ) consist of four wires within a single cable. A separate parallel coaxial cable feeds the reference potential to each DAU. The lightweight nature of both cables is important for efficient handling of the system in the field. One DAU always operates as a reference unit; the associated ADC is inactive, and the electrode is connected to the reference line (coaxial cable) on the field data bus (Fig. 5) . All active DAUs in the array measure with respect to this reference electrode (i.e., reference potential). Note, that an arbitrary number of DAUs can be active (Fig. 5) , allowing parallel scans to be performed.
After data acquisition is completed, the DAUs reconnect to the RS-485 bus to enable data transfer, and the power amplifier disconnects from the source-signal bus (Fig. 4) . Concurrently, a 24-V dc source connects to the source bus to recharge the DAU's internal batteries. Current waveforms designed on the personal computer are fed through a digital-to-analog converter board to a class A power amplifier. Before the resulting waveform is sent to the injecting electrodes, it is routed through a dedicated DAU that precisely determines the input current. Fig. 6 shows a photograph of the entire system. To protect the electronics from poor weather conditions, the central parts of the system are stored in a box. An uninterruptable power supply (UPS) enhances operational security of the system.
A. Resolution
As previously mentioned, the ADC used in the DAUs offers a theoretical "resolution" of 24 bits. A programmable gain amplifier built into the ADC allows the selection of eight different amplification settings (1, 2, 4, 8, 16, 32, 64, 128) , such that for a gain of "1" the maximum input voltage range of a DAU is 2.5 V, and for a gain of "128" the maximum input voltage range 
B. Acquisition Speed
Principal goals in designing our new multielectrode system included high acquisition speeds and maximum control of signal quality. In achieving these aims, some tradeoffs need to be considered. The ability to perform parallel scans facilitates fast data acquisition, whereas the transfer of digital full-waveform signals to the computer provides the user with complete control over the data processing. For example, full-waveform signals provide critical information on IP effects. However, the transfer of full waveforms significantly limits acquisition speed, because a large amount of data needs to be transferred via the serial RS-485 connection. Since each DAU is equipped with a microcomputer and random access memory, data processing could be performed directly at the electrode, and only selected results transmitted to the computer. This option, which will further improve data acquisition speed, is currently under development.
C. Data Example
Initial tests have been performed across a buried waste disposal site near Stetten, which lies about 25 km west of Zürich, Switzerland [24] - [27] . Fig. 7 shows a typical recorded time-series (small upper panel) and its corresponding frequency spectrum (injecting dipole spacing: 40 m; recording dipole spacing: 60 m). As expected, there is a narrow peak of about 0.2 V at the source signal frequency of 1 Hz. A moderately strong signal of 1 mV at 13-14 Hz is likely caused by a sorting machine situated within a nearby gravel pit, and a peak of about 2 mV at 16.67 Hz is generated by the Swiss railway system.
The data shown in Fig. 7 were recorded with a gain of four at a sampling frequency of 62 Hz. For these settings, the resolution limit is 1.3 V (dashed line in Fig. 7) , which corresponds to an effective "resolution" of 20 bits. By contrast, the ambient noise level is of the order of 65 V (dotted line in Fig. 7) , which is 50 times higher than the instrumental noise. This implies that the system does not impose any resolution limitations, even when the ambient noise is very low.
Digital signal processing techniques can be used to determine apparent resistivities from the stored full-waveform current and voltage responses. Our extensive tests have shown that the best results are obtained by dividing the sum of voltage values in a narrow band centered about the dominant source frequency by the sum of current values in the same frequency band.
V. DISCUSSION AND CONCLUSION
We have introduced real-time experimental design, a novel concept for acquiring dc resistivity data. Technical realization of this concept required a versatile data acquisition scheme. Comparisons of the advantages and disadvantages of different acquisition schemes revealed that a distributed system is the most appropriate solution. To meet the requirements of high flexibility and fast acquisition of high-quality data, we have built a new multielectrode system.
Our current research efforts involve the evaluation of suitable electrode configurations. The simultaneous measurement of a large number of potential differences with a single current dipole offers new possibilities that need to be explored. With an -electrode array, waveforms can be recorded concurrently. However, the time required for the data transfer and processing of these waveforms can be large. As a consequence, it might be appropriate to record a subset of the waveforms that maximizes the returned subsurface information while minimizing the data acquisition time. This is a global optimization problem that can be solved using statistical experimental design techniques.
